Herpesviruses infect cells using the conserved core fusion machinery composed of glycoprotein B (gB) and gH/gL. The gH/gL complex plays an essential but still poorly characterized role in membrane fusion and cell tropism. Our previous studies demonstrated that the conserved disulfide bond (DB) C278/C335 in domain II (D-II) of Epstein-Barr virus (EBV) gH has an epithelial cell-specific function, whereas the interface of D-II/D-III is involved in formation of the B cell entry complex by binding to gp42. To extend these studies, we compared gH of the alphaherpesvirus pseudorabies virus (PrV) with gH of the gammaherpesvirus EBV to identify functionally equivalent regions critical for gH function during entry. We identified several conserved amino acids surrounding the conserved DB that connects three central helices of D-III of PrV and EBV gH. The present study verified that the conserved DB and several contacting amino acids in D-III modulate cell surface expression and thereby contribute to gH function. In line with this finding, we found that DB C404/C439 and T401 are important for cell-to-cell spread and efficient entry of PrV. This parallel comparison between PrV and EBV gH function brings new insights into how gH structure impacts fusion function during herpesvirus entry.
IMPORTANCE
The alphaherpesvirus PrV is known for its neuroinvasion, whereas the gammaherpesvirus EBV is associated with cancer of epithelial and B cell origin. Despite low amino acid conservation, PrV gH and EBV gH show strikingly similar structures. Interestingly, both PrV gH and EBV gH contain a structural motif composed of a DB and supporting amino acids which is highly conserved within the Herpesviridae. Our study verified that PrV gH uses a minimal motif with the DB as the core, whereas the DB of EBV gH forms extensive connections through hydrogen bonds to surrounding amino acids, ensuring the cell surface expression of gH/gL. Our study verifies that the comparative analysis of distantly related herpesviruses, such as PrV and EBV, allows the identification of common gH functions. In addition, we provide an understanding of how functional domains can evolve over time, resulting in subtle differences in domain structure and function.
A variety of enveloped viruses enter host cells by using a core fusion machinery to facilitate the initial receptor-binding step, followed by fusion of the host cell membrane with the virion envelope. Most enveloped viruses use one or two surface glycoproteins to bind to receptor and mediate fusion. In contrast, the herpesvirus core fusion machinery consists of the heterodimeric complex gH/gL and the fusogen gB, with an additional receptorbinding protein such as gD in the alphaherpesvirus pseudorabies virus (PrV) or gp42 in the gammaherpesvirus Epstein-Barr virus (EBV) (1) . For infectious entry, PrV requires gB and gH/gL as well as gD, which binds to specific host cell receptors such as nectin-1 and -2 and HveD (2), whereas EBV requires gB, gH/gL, and gp42 for B cell entry, with gp42 binding the receptor HLA class II (3) . In contrast, for infection of epithelial cells, EBV uses gH/gL to bind to integrin receptors so that only gH/gL and gB are required for entry into these cells (3) .
Although functions of the herpesvirus receptor-binding proteins and the fusogen gB are understood to some extent, the role of the gH/gL complex remains enigmatic. Recently, the crystal structures of herpes simplex virus 2 (HSV-2) and EBV gH/gL as well as PrV gH (4-6) provided a structural basis for gaining more insight into the role of gH during fusion. The gH homologs can be divided into four domains ( Fig. 1A and B) demonstrating strikingly similar structures despite low amino acid conservation (4, 6) . The gL-interacting domain I (D-I) is composed of the N-terminal residues of gH interacting with gL and is connected via the linker helix with D-II, forming a large groove in EBV gH/gL. The flexibility of the large groove is necessary for gH/gL function during EBV-mediated fusion (7) . In support of this finding, it was shown that binding of the epithelial cell receptor integrin results in a conformational change of the large groove (8) . Moreover, a recent study confirmed that flexibility between the structural features of D-II and the interface of D-II and D-III is necessary for function of PrV gH during fusion (9) .
Since the amino acid conservation between EBV and PrV gH is only modest, in contrast to the high degree of conservation of gB, we hypothesized that stretches of conserved amino acids and/or motifs would reflect fundamental commonalities in gH function during herpesvirus entry. We chose PrV and EBV gH since they not only are among the best-studied herpesviruses regarding fusion with host cells but also exhibit strikingly similar gH structures ( Fig. 1A and B) . In addition, they differ in their host ranges. While PrV has one of the broadest host ranges among the Herpesviridae, EBV infection is restricted to human or nonhuman primate cells (3, 10) .
The DB of D-III is highly conserved and the only DB of gH which is not exposed at the surface of the protein, suggesting an internal stabilizing function. Therefore, we hypothesized that this DB is essential for maintenance of the conformation of gH/gL and, in consequence, gH/gL cell surface expression. Moreover, the requirement for flexibility of the large groove and the D-II/D-III interface (7, 9) might suggest that the DB is also important for the integrity of D-III and virus entry. To test these hypotheses, we mutated the conserved DB ( Fig. 1C and D) by amino acid substitution. Interestingly, we found that the conserved DB of D-III contributes to cell surface expression of gH/gL and thereby gH function during fusion.
MATERIALS AND METHODS
Cell culture and antibodies. Cells were grown in cell culture medium supplemented with 10% Corning CellGro Fetal Bovine Serum Premium, Mediatech Inc. (VWR). CHO-K1 Chinese hamster ovary cells (a gift from Jeffrey D. Esko), CHO cells expressing nectin-1 (CHO-nectin-1) (2), and human gastric adenocarcinoma cells (AGS) were passaged in Ham's F-12 medium (Corning cellgro), whereas RK13 rabbit kidney epithelial cells (ATCC CCL-37), PK13 pig kidney epithelial cells (ATCC CRL-6489), and ST swine testis fibroblasts (ATCC CRL-1746) were grown in Dulbecco's modified Eagle's medium (DMEM) (Corning CellGro). For the EBV fusion assay, human B lymphoblasts (Daudi-T7-29) and human embryonic kidney 293-T14 cells (HEK-293-T14), which stably express T7 RNA polymerase (11, 12) , were grown in RPMI 1640 medium and DMEM (Corning CellGro). All cells were kindly provided by Nanette Susmarski.
We used mouse monoclonal antibody (MAb) E1D1 (13) and a rabbit polyclonal antiserum (14) , both specific for EBV gH/gL, as well as a rabbit polyclonal antiserum against PrV gH (15) and a mouse monoclonal anti- Plasmids and mutagenesis. The site-directed mutagenesis of PrV and EBV gH was done by using mutagenic oligonucleotide primers specific for pcDNA-PrV-gH (16) or pSG5-EBV-gH and using the QuikChange II site-directed mutagenesis kit (Agilent Technologies) according to the manufacturer's protocol. Correct mutagenesis was verified by sequencing (Northwestern Genomics Core Facility).
CELISA. For cell enzyme-linked immunosorbent assay (CELISA), CHO-K1 cells were transiently transfected with 0.5 g of plasmid DNA of EBV or PrV gL and either wild-type (wt) or mutant gH using Lipofectamine 2000 (Invitrogen). After 16 h, transfected cells were detached, counted by a Countess cell counter (Invitrogen), and plated (0.5 ϫ 10 5 ) into a 96-well plate. After 24 h, the transfected CHO cells were incubated with specific antibodies against EBV gH (E1D1, 1:500; CL40, 1:1,000; CL59, 1:1,000; and HL800, 1:500) or PrV gH (1:1,500). CELISA was further performed as described previously (17) .
Fusion assay. For EBV fusion, CHO-K1 cells were transiently transfected with plasmids expressing a luciferase reporter containing a T7 promoter (0.8 g) and EBV gL (0.5 g) and gB (0.8 g), either wt or mutant gH (0.5 g), and, for B cell fusion, gp42 (0.5 g) using Lipofectamine 2000 (Invitrogen) (18) . For PrV fusion, CHO-K1 effector cells were transfected with plasmids expressing a T7 RNA polymerase (0.8 g), PrV gL (0.5 g), gB (0.8 g), gD (0.5 g), and either wt or mutant gH (0.5 g). At the same time, the target cells, such as RK13, ST, PK13, and CHO-nectin-1 cells, were transfected with the luciferase reporter plasmid containing a T7 promoter (2 g). were lysed with 1% Triton X-100 lysis buffer (20 mM Tris-HCl [pH 7.4], 100 mM NaCl, 1 mM EDTA, 5 mM MgCl 2 , 1% Triton X-100) plus 1% protease inhibitor cocktail set I (Calbiochem), incubated with desired antibodies against EBV gH and gH/gL overnight, and treated with protein A/G plus agarose (Santa Cruz Biotechnology) for 1.5 h. For sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), samples were resuspended in phosphatebuffered saline (PBS) and 4ϫ SDS loading buffer (60 mM Tris-HCl [pH 6.8], 4% SDS, 25% glycerol, 0.01% bromophenol blue, 10% 2-mercaptoethanol). After being heated for 5 min at 100°C, the samples were separated on a 4 to 20% polyacrylamide gel and electrotransferred onto nitrocellulose membranes (Bio-Rad). The protein bands on the membranes were visualized by using primary rabbit polyclonal anti-EBV-gH/gL (1: 100) in 1% bovine serum albumin-Tris-buffered saline-Tween (BSA-TBST), anti-PrV-gH (1:30,000) and -gL (1:10,000) in TBST, mouse monoclonal anti-GAPDH (1:5,000), and an IRDye800-conjugated antirabbit or anti-mouse secondary antibody (Li-Cor Biosciences, Lincoln, NE) and then detected on an Odyssey Fc Western blotting imager using Image Studio, version 2.0 (Li-Cor Biosciences).
In vitro entry studies. PrV gH recombinants were generated as described previously (19) . For plaque size analysis, RK13 cells were infected with 100 PFU per well under plaque assay conditions and fixed with 3% paraformaldehyde after 2 days. For each virus, 30 plaques were measured with a Nikon Eclipse Ti-S fluorescence microscope using Nikon NISElements imaging software (Nikon Instruments Inc.). The values were calculated relative to the plaque size of wt PrV strain Ka, which was set at 100%. For penetration kinetics, RK13 cells were infected with 150 PFU per well with either wt or mutant virus on ice for 1 h. After medium exchange, cells were incubated for 0, 5, 10, 20, or 40 min at 37°C, and then either extracellular virus was inactivated by low-pH treatment or cells were washed with PBS only as a 100% penetration control. After 2 days, cells were fixed and stained with crystal violet, and plaques were counted.
Graphical analysis. The structural views of EBV gH/gL (PDB code 3PHF) (6) and PrV gH (PDB code 2XQY) (4) were generated using the PyMOL molecular graphics system, version 1.3 (Schrödinger, LLC).
Sequence alignment of gH. The gH gene sequences (GenBank accession numbers are in parentheses) of the following were compared: HSV-1 (AAG17895.1); HSV-2 (CAB06746.1); varicella-zoster virus (VZV) (ABF22268.1); PrV (CAA41678.1); human herpesvirus 5 (HHV-5) (CAA00301.1); HHV-6 (CAA58382.1); HHV-7 (AAB64293.1); macacine herpesvirus 3 (McHV-3) (AAP50630.1); McHV-4 (AAK95464.1); murid herpesviruses 1 (AAA20190.1), 2 (NP_064175.1), and 4 (NP_044860.1); caviid herpesvirus 2 (P87730.2); suid herpesviruses 2 (YP_008492985.1), 3 (AAM22122.1), 4 (AAO12364.1), and 5 (AAO12326.1); equid herpesviruses 2 (NP_042618.1) and 5 (ACY71880.1); Kaposi's sarcoma-associated herpesvirus (KSHV) (ADB08188.1); saimiriine herpesvirus 2 (P16492.1); callitrichine herpesvirus 3 (CalHV-3) (AAK38222.1); and EBV (P03231.1). Figure 1E shows a summary of the alignment with representative viruses (HSV-1 and -2; VZV; PrV; HHV-5, -6, and -7; KSHV; EBV; CalHV-3; and McHV-4). The amino acid sequences of gH were aligned using T-Coffee Expresso (http://tcoffee.crg.cat/apps/tcoffee /do:expresso) (20) , including the PDB files of HSV-2, and EBV gH/gL as well as PrV gH (PDB codes 2XQY, 3M1C, and 3PHF) (4-6). The alignment was modified using Jalview (http://www.jalview.org/) (21) .
RESULTS

The DB in D-III of PrV and EBV gH is surrounded by a group of conserved amino acids. The crystal structures of HSV-2 and EBV gH/gL as well as PrV gH identified the DB as a structural feature of D-III (4-6). Since this DB connects three central helices of D-III
and is the only buried DB of gH, we hypothesized that it might function as a stabilizing structural feature for this domain and thereby be an important determinant of gH/gL expression. To analyze if additional amino acids supported the role of this DB, we performed an amino acid sequence alignment using T-Coffee Expresso, which uses the relevant structures of gH in determining amino acid alignments (Fig. 1E) . We used gH sequences from alpha-, beta-and gammaherpesviruses. Based on the alignment, a number of additional conserved amino acids were identified. Interestingly, these amino acids are located around the conserved DB in EBV and PrV gH ( Fig. 1C and D) . Focusing on the location and interactions of these amino acids in the crystal structures, we identified hydrogen bonds between the DB and the framing amino acids ( Fig. 2A and B) . Based on the crystal structure of PrV gH, we also identified hydrogen bonds between cysteine 404 (C404) and arginine 444 (R444), which contacts serine 442 (S442). Additionally, S442 forms hydrogen bonds with C439, and alanine 440 (A440) contacts leucine 436 (L436) (Fig. 2A) . In contrast, the crystal structure of EBV gH/gL revealed more extensive connections to surrounding amino acids, including aromatic residues, with DB C454/C478 forming the core of the interactions (Fig. 2B) . Besides the contact of C454 and R483, which is also present in PrV gH, C454 makes a bond with threonine 451 (T451). R483 also contacts S481, as seen for PrV, and additionally binds to D485. S481 establishes hydrogen bonds with C478, as seen for PrV gH, but in the case of EBV it also binds proline 477 (P477) and the preceding S476 contacts tyrosine 479 (Y479) by hydrogen bonding. Therefore, we included the aromatic residues of EBV gH and the corresponding amino acids of PrV gH in this study. To analyze the significance of these amino acids ( Fig. 2A and B) , we performed a site-specific mutagenesis screen by altering the cysteines of the DB to serine and the surrounding conserved amino acids to alanine. In addition, we changed the aromatic residues found in EBV gH to corresponding amino acids of PrV gH and vice versa.
The conserved DB of D-III is important for cell surface expression of gH/gL. To test if the DB and contacting amino acids are required for cell surface expression of gH/gL, we performed a cell-based ELISA using a polyclonal antiserum recognizing PrV gH. For EBV, we used conformation-specific monoclonal antibodies against gH (CL40 and CL59) and gH/gL (E1D1) as well as a polyclonal antiserum detecting gH (HL800). E1D1 recognizes a complex epitope coformed by residues of gL and the N terminus of gH, whereas CL59 is directed against C-terminal residues 501 to 628 of gH (8, 18, 22, 23) . For PrV gH, cell surface expression of the T401A, P438A, and C404S/C439S mutants was strongly decreased, whereas most of the mutants showed wt-like expression (Fig. 2C) . Similar to the PrV mutants, the corresponding EBV T451A, P477A, and C454S/C478S mutants lacked cell surface expression (Fig. 2D) . Moreover, the EBV S476A, R483A, and D485A mutants as well as the aromatic-residue F475A/L and Y479A mutants exhibited a strong decrease in cell surface expression. The substitution by another aromatic residue (F475Y and Y479F) did not cause a defect in EBV gH/gL expression. We also investigated the mutant proteins using reducing SDS-PAGE conditions followed by Western blot analysis. All the gH mutants migrated similarly to the wt proteins ( Fig. 3A and B) , indicating that all mutants were expressed but were not all exposed at the cell surface. Interestingly, there was a dependence on an increased number of conserved amino acids for EBV gH/gL compared with PrV gH with regard to cell surface expression.
The conserved residues of D-III are not involved in cell-typespecific gH fusion function. The structural features of D-II and D-III are necessary for the binding of EBV gH/gL to either the epithelial cell receptor or gp42 (14, (24) (25) (26) . Interestingly, residues involved in the binding of gp42, forming the EBV B cell entry complex (26) , are in close proximity to the conserved DB and its contacting amino acids. To test if the mutated amino acids are involved in cell-specific function of gH, we used a virus-free cellbased fusion assay with luciferase as a reporter. Since it is known that epithelial and B cells are the primary targets of EBV, we used stably T7 polymerase-expressing HEK-293 and Daudi B cells. For the PrV mutants, we used CHO cells, expressing the gD receptor nectin-1, and two porcine cell lines (ST and PK13) mimicking host conditions as well as the rabbit kidney cell line RK13, which is frequently used for the propagation of PrV. PrV gH T401A, C404S/C439S, and P438A mutants lacked fusion activity correlating with a defect in cell surface expression (Fig. 3C) . Moreover, mutant R444A showed a strong defect in fusion activity despite wt-like cell surface expression. Correlating with the results for PrV gH, EBV gH T451A, C454S/C478S, F475A/L, S476A, P477A, Y479A, R483A, and D485A mutants showed a strong decrease in fusion activity (Fig. 3D) . To summarize, the loss of correct cell surface expression strongly correlates with a cell-type-independent defect in fusion activity for both EBV and PrV gH, with only the PrV R444A mutant showing cell surface expression and a reduction in fusion activity.
A conserved tyrosine is important for PrV and EBV gH function during fusion despite different effects on cell surface expression. Based on the sequence alignment, we identified a con- (Fig. 4A and  B) . Y363 of PrV gH forms hydrogen bonds with V359 and V367, which are located in the same helix (␣-7), and interacts to L589 located at the tip of sheet ␤-11 (Fig. 4A) . Similarly, Y404 of EBV gH forms hydrogen bonds with helix residues H407 and L400/ L401, as well as Y633, located in sheet 4␤-8 (Fig. 4B) . The hydrogen bonding between the conserved tyrosine of PrV and EBV gH to a corresponding amino acid in D-IV could be involved in stabilizing the interface between D-III and D-IV. To test if these amino acids and their observed hydrogen bonding are important for cell surface expression of gH/gL and/or fusion, we mutated the relevant amino acids and analyzed the mutant proteins for cell surface expression and fusion activity. Cell surface localization of the PrV gH V359A and Y363A mutants was like that of the wt, but the L589Y mutant exhibited a very modest decrease, to about 70% of wt levels (Fig. 4C) . In contrast, the L400A/L401A and Y404A mutants were not detectable at the cell surface, whereas most of the EBV gH mutant proteins revealed wt-like cell surface expression, including the Y633A mutant (Fig. 4D ). Furthermore, we tested the gH mutants by SDS-PAGE followed by Western blotting. PrV (Fig. 4E) and EBV (Fig. 4F ) mutants migrated similarly to the wt. Most of them showed wt-like fusion activity, which correlated with wt-like cell surface expression ( Fig. 4G and H) . In contrast, PrV gH V359A and Y363A mutants had a significant decrease in fusion activity despite wt-like cell surface localization (Fig. 4G) . The corresponding EBV gH mutants, the L400A/L401A and Y404 mutants, showed a similar defect in fusion activity (Fig.  4H ) but also had a strong decrease in cell surface expression.
Taken together, these results showed that the conserved tyrosine (Y363 and Y404) and the hydrogen-bound residues V359 of PrV gH and L400/L401 of EBV gH are important for gH function during fusion, whereas the residues of EBV gH are also important for cell surface localization. Moreover, the interacting amino acids within D-IV (PrV L589 and EBV Y663) are not important for either localization or fusion activity.
EBV mutants defective in cell surface expression are still recognized by conformation-specific antibodies. Our gH mutants can be divided into three categories. Category I mutants (PrV gH V367A, L436A/F, S437A, A440F/Y, S442A, D446A, and L589A/Y mutants and EBV gH H407A, F475Y, Y479F, S481A, and Y633A/ L/F mutants) were characterized by wt-like expression, cell surface localization, and fusion. Category II mutants (PrV gH V359A, Y363A, and R444A mutants) were expressed and located to the cell surface but showed a significant defect in fusion. Category III mutants (PrV gH T401A, C404S/C439S, and P438A mutants and EBV gH L400A/L401A, Y404A, T451A, C454S/C478S, F475A/L, S476A, P477A, Y479A, R483A, and D485A mutants) were expressed but did not localize to the cell surface, correlating with a defect in fusion activity. To further investigate the surface localization defect of the EBV category III mutants, we used the conformation-specific monoclonal antibodies against gH (CL40 and CL59) and gH/gL (E1D1) for precipitation from whole-cell lysates. The selected, representative category III mutants, such as the Y404A, C454S/C478S, and R483A mutants, were recognized by CL59, CL40, and E1D1, which recognizes an epitope coformed by the N termini of gH and gL (Fig. 5) . The precipitation by the conformation-specific antibody E1D1 indicates the interaction of gH and gL, despite a loss of cell surface localization. The corresponding PrV gH mutants were precipitated with the available Western blot analysis of wt and mutant gH was performed by using polyclonal antibodies against PrV gH (A) and EBV gH/gL (B) as well as anti-GAPDH as a loading control. The fusion activities of wt and mutant gH of PrV (C) and EBV (D) are also shown. For the virus-free luciferase-based fusion assay, CHO-KI cells were transfected with the fusion-required glycoproteins of either PrV (gD, gB, and gH/gL) or EBV (gp42, gB, and gH/gL). Averages with standard deviations from three independent experiments are shown. polyclonal gH and gL antisera, indicating wt-like interaction of gH and gL (data not shown).
The conserved DB of D-III is required for efficient PrV entry. To further investigate the impact of the DB and supporting amino acids for the role of gH during entry, we generated virus recombinants using BAC mutant pPrV-⌬gHABF and transfer plasmid pcDNA-gHKDE (9) carrying the selected amino acid changes. Infectious virus progenies were characterized by Western blotting, demonstrating wt-like gH expression, but the PrV DB mutant lacked the slower-migrating mature form of gH (data not shown). PrV expressing gH mutated in the DB was replication competent but showed a 10-fold decrease in titers (data not shown). Plaque assays revealed that the PrV gHC404S/C439S strain formed only small foci and the PrV gHT401A strain also exhibited a severe defect in cell-to-cell spread, whereas the spread defect was modest in the Y363A and R444A virus mutants (Fig. 6A and B) , despite their apparent defects in the cell-based fusion assay. To investigate if the DB is important for gH not only during cell-to-cell spread but also during entry of free virions, we analyzed penetration kinetics of PrV recombinants expressing mutated gH. As expected, the PrV gHC404S/C439S strain showed a strong delay in penetration, whereas the delay in penetration of the T401A virus mutant was less significant (Fig. 6C) . Taken together, the results show that DB C404/C439 and the contacting amino acid T401 are important for efficient cell entry and cell-to-cell spread.
DISCUSSION
Herpesvirus gH/gL is thought to be triggered by the receptorbinding signal to activate gB for initiation of the fusion process (27) . It is also an important determinant of the cell tropism for some herpesviruses, such as EBV (6, 14, 24, 28, 29) and human cytomegalovirus (HCMV) (30) (31) (32) . Therefore, it is likely that gH has evolved to execute a conserved core function in the transmission of cell receptor-binding signals, but gH has also developed species-dependent adaptations for gH functions important for cell tropism. To further analyze the role of gH, we studied the alpha-and gammaherpesviruses PrV and EBV based on available structure data. We focused on the region comprising the DB in D-III of gH, which is highly conserved among the Herpesviridae and is buried inside the domain connecting three central helices . Mean values and standard deviations from three independent experiments are shown. Western blot analysis of wt and mutant gH was performed by using polyclonal antibodies against PrV gH (E) and EBV gH/gL (F) as well as anti-GAPDH. (4, 6) . Besides the DB, we identified additional amino acids in D-III that are conserved among the gH homologs. Our data demonstrate that the conserved DB acts as a core of an extensive interaction network by forming hydrogen bonds with surrounding amino acids that connect the three central helices of D-III. Mutation of this conserved motif identified a region that is important for cell surface localization of both PrV and EBV gH/gL. This surface localization defect in gH with mutations of the DB and specific surrounding amino acids correlates strongly with a reduction in fusion activity. The DB was also essential for efficient entry and direct cell-to-cell spread of PrV. Mutation of the conserved tyrosine (Y404 and Y363) identified a specific role for surface localization of EBV gH/gL but not for PrV gH/gL. However, the tyrosine (Y363 and Y404) and the contacting amino acid (V359 and L400/L401) are important for fusion activity of both PrV and EBV. Interestingly, mutation of the conserved Y363 within the virus induced only a slight decrease in cell-to-cell spread and a delay in penetration of PrV.
The extensive network of the DB and surrounding amino acids of D-III of EBV gH is mediated by contacting aromatic residues. A specific feature for EBV compared to PrV is the shorter, only oneturn helix 3␣-7 beginning with the highly conserved P477 followed by C478 and a gammaherpesvirus-specific aromatic residue, Y479, and ending with L480. An additional aromatic residue (F475) is conserved in most gH homologs but not in PrV gH. F475 is located in the loop preceding helix 3␣-7 and together with Y479 forms an extensive network of hydrogen bonds with DB C454/ C478 as the core within D-III of EBV. Replacement with other aromatic residues did not result in a defect in cell surface localization and fusion function. Interestingly, the network of contacting amino acids with DB C404/C439 of PrV gH as the core is more restricted than with EBV gH based on the crystal structures. In support of this finding, P438 causes a kink within helix ␣-11 of PrV gH (19) . Here, we showed that the conserved motif important for cell surface localization of PrV gH is restricted to T401, C404/ C439, and P438. Subtle structural differences between the conserved motifs of D-III of gH may explain why 4 amino acids are relevant for cell surface expression of PrV gH, whereas a more extensive network is required for EBV gH.
PrV gH is known to be surprisingly tolerant to a variety of mutations (9, 19, 33) . Therefore, it is not unexpected that the highly conserved DB is not essential for PrV replication, although it causes a loss of cell-to-cell spread ability and a significant defect in penetration. In contrast, this conserved DB in D-III is essential for replication of other alphaherpesviruses, such as VZV and HSV (34, 35) .
FIG 5
Immunoprecipitation (IP) of EBV gH using monoclonal conformation-specific antibodies. Immunoprecipitation analysis for wt and selected mutant gH proteins was performed by using monoclonal conformation-specific antibodies against EBV gH (CL40 and CL59) and gH/gL (E1D1). The input is shown. Western blot analyses were done with polyclonal EBV gH/gLspecific antiserum. IP experiments were repeated at least twice. Interestingly, attenuated PrV strain Bartha (PrV-Ba), which is widely used for vaccination against PrV infection in pigs, expresses a gH which contains a P438S substitution as well as other mutations (36) . However, several studies demonstrated that the lack of virulence of PrV-Ba is due to a large deletion encompassing the gI, gE, pUS9, and pUS2 genes as well as the amino acid substitutions in pUL21. Thus, at least in this virus background, P438S does not appear to affect PrV virulence (37) (38) (39) . Correlating with a previous study (19) , PrV recombinants expressing gHC404S/ C439S or T401A are replication competent, despite a delay in penetration and loss of cell-to-cell spread ability.
The conserved amino acids Y404, T451, R483, and D485 of EBV gH and Y363, T401, and R444 of PrV gH (Fig. 1C and D) are oriented toward D-IV, which might explain their importance for fusion. In contrast, D446 of PrV gH is directed outwards from the protein (Fig. 1D) , explaining why this amino acid is involved in neither surface localization nor fusion activity. Taken together, the results show that residues of D-III reaching into the interface of D-IV are important for gH function during fusion of both PrV and EBV. Our data are supported by a previous mutagenesis study showing that changes of the residues L529/P530, which participate in the D-III/D-IV-interface, resulted in disruption of fusion activity of EBV (18) .
Our comparative analysis verifies that the DB is an important structural determinant of D-III required for proper cell surface localization of gH/gL and thereby for its function during gB-mediated fusion. Our study brings insights into how this common motif is adapted to the specific needs of gH during PrV and EBV infection.
